Introduction
============

Thrombin-activatable fibrinolysis inhibitor (TAFI), also known as procarboxypeptidase U and procarboxypeptidase B, plays a central role in haemostasis where it acts as a potent inhibitor of fibrinolysis. [@JR170249-1] More recently, a role for TAFI in regulation of inflammation, cell migration and wound healing has also been described. [@JR170249-2] The TAFI zymogen is secreted by the liver into the circulation. A single cleavage at Arg92 by thrombin, plasmin, or the thrombin--thrombomodulin complex removes the activation peptide (TAFI-AP; Phe1-Arg92; 20 kDa) and makes the active site accessible to substrates (active TAFI or TAFIa; Ala93-Val401; 36 kDa [@JR170249-3] [@JR170249-4] ). TAFIa can then inhibit fibrinolysis by removing carboxy-terminal lysine residues from partially degraded fibrin, which results in a decreased plasminogen binding and decreased fibrinolytic activity. [@JR170249-5] TAFIa is inactivated through a conformational change to an inactive form (TAFIai) which is subsequently cleaved resulting in two smaller fragments of 25 and 11 kDa. [@JR170249-6] Plasma TAFI levels have been reported to show association with deep-vein thrombosis, [@JR170249-7] [@JR170249-8] coronary artery disease, [@JR170249-9] [@JR170249-10] and ischaemic stroke. [@JR170249-11] [@JR170249-12] [@JR170249-13]

Most quantitative studies of TAFI have focused on 'total' antigen levels (TAFI-Ag) and used assays which recognize the intact, nonactivated TAFI (i.e. zymogen) as well as the various cleavage products. In healthy individuals, plasma levels of TAFI have been shown to be stable over time but exhibit a large interindividual variability poorly explained by lifestyle and environmental factors. [@JR170249-14] Family studies have demonstrated that plasma TAFI levels are heritable (heritability estimates ranging from 40 to 70% for TAFI-Ag and 16% for TAFIa activity [@JR170249-15] [@JR170249-16] [@JR170249-17] [@JR170249-18] [@JR170249-19] [@JR170249-20] ), suggesting a strong genetic component. Several common single nucleotide polymorphisms (SNPs) located within the gene encoding TAFI ( *CPB2* ) have been described (including two that result in amino acid substitutions: Thr147Ala \[rs3742264\] and Thr325Ile \[rs1926447\]), and some are reported to be associated with plasma TAFI-Ag, TAFI-AP and/or TAFIa concentrations and risk of arterial and venous thrombotic disease. [@JR170249-7] [@JR170249-8] [@JR170249-9] [@JR170249-10] [@JR170249-11] [@JR170249-12] [@JR170249-13] [@JR170249-21] [@JR170249-22] [@JR170249-23] It should be stressed, however, that the immunological assays used in most of these studies were not validated with respect to putative differential reactivities toward different isoforms of TAFI and cleavage product fragments of TAFI. In particular, Thr325Ile can have a large impact on immunoreactivity. [@JR170249-24] [@JR170249-25] Thus, reported clinical effects associated with TAFI SNPs and protein levels as well as heritability estimates should be treated with caution (see [Supplementary Table S1](#SM170249-2){ref-type="supplementary-material"} for overview). Genome-wide linkage studies confirmed the *CPB2* locus to be a strong determinant of TAFI-Ag [@JR170249-18] [@JR170249-20] and TAFI activity [@JR170249-18] levels and found weak evidence for additional linkage on other autosomal loci. [@JR170249-18] [@JR170249-20] However, no high-resolution genome-wide association study (GWAS) has been reported; therefore, the exact genetic basis for the heritability remains unknown.

We hypothesized that there are *cis* - and *trans* -acting loci in addition to the previously identified *CPB2* variants that contribute to the variation in circulating TAFI levels. Furthermore, we hypothesize that rare or low-frequency variants, which are not well covered by GWAS and not easily imputed, in addition to common variants are associated with TAFI levels. Here, we used two well-characterized immunological assays, validated to be isoform independent, which react to the intact nonactivated TAFI, or to the activation peptide (TAFI-AP, a marker of the extent of TAFI activation [@JR170249-26] ). In this explorative study, we tested our hypothesis using a genotyping platform that is enriched with exome content (HumanExome BeadChip) and we searched for both common and rare genetic variants associated with intact TAFI and TAFI-AP levels in data from 3,260 Swedish adults.

Materials and Methods
=====================

Study Design
------------

We performed a GWAS and gene-based analyses of plasma TAFI (intact and AP) in a subset of participants from the southern Swedish study on ischaemic stroke. [@JR170249-27] The present study included European ancestry participants with genetic data and in whom plasma levels of TAFI had been measured or citrate plasma was available for analyses. These participants included 600 cases with ischaemic stroke at ages 18 to 69 years and 600 controls matched for age and sex from the Sahlgrenska Academy Study on Ischemic Stroke (SAHLSIS [@JR170249-28] ) and 2,060 population-based participants from the prospective Malmö Diet and Cancer Study (MDC [@JR170249-29] ) of whom 1,812 have not had a cardiovascular event and 248 had an ischaemic stroke during follow-up. The designs of these studies are described in the [Supplementary Material](#SM170249-1){ref-type="supplementary-material"} . Sample sizes, mean age and sex distribution of study participants in each cohort at the time of the intact TAFI and TAFI-AP determination are summarized in [Table 1](#TB170249-1){ref-type="table"} .

###### Subject characteristics at the time of blood sampling and genotyping chip used

                               MDC ( *n*  = 2,060)            SAHLSIS ( *n*  = 756)          SAHLSIS [a](#FN170249-3){ref-type="table-fn"} ( *n*  = 444)   Total (3,260)
  ---------------------------- ------------------------------ ------------------------------ ------------------------------------------------------------- -----------------------------------------
  Cases, *n* (%)               0 (0)                          166 (22)                       444 (100)                                                     600 (18.4)
  Age, median (IQR)            58 (53--63)                    59 (52--64)                    58 (50--63)                                                   58 (52--64)
  Male gender, *n* (%)         818 (39.7)                     477 (63.1)                     293 (66)                                                      1,588 (48.7)
  Hypertension, *n* (%)        1,304 (63)                     333 (44.2)                     245 (56.1)                                                    1,882 (57.9)
  Diabetes mellitus, *n* (%)   192 (9.3)                      66 (8.8)                       81 (18.2)                                                     339 (10.4)
  Current smoking, *n* (%)     405 (22.4)                     174 (23)                       168 (38)                                                      792 (24.7)
  Hyperlipidaemia, *n* (%)     1,847 (90.2)                   512 (69.3)                     304 (75.1)                                                    2,663 (83.4)
  Intact TAFI, *n* (%)         2,052 (99.6)                   748 (98.9)                     404 (91.0)                                                    3,204 (98.3)
   Median (IQR)                72 (61--85)                    90 (77--101)                   95 (83--114)                                                  79 (65--95)
  TAFI-AP, *n* (%)             2,060 (100)                    748 (98.9)                     404 (91.0)                                                    3,212 (98.5)
   Median (IQR)                96 (67--132)                   105 (93--122)                  124 (105--148)                                                103 (80--131)
  Genotyping platform          Human OmniExpress Exome v1.0   Human OmniExpress Exome v1.0   Human Omni 5M Exome v1.0                                      Imputed to the UK10K + 1000 Genomes Ph3

Abbreviations: MDC, Malmö Diet and Cancer Study; SAHLSIS, Sahlgrenska Academy Study on Ischemic Stroke; TAFI-AP, thrombin-activatable fibrinolysis inhibitor activation peptide.

Note: Intact TAFI expressed as relative levels; TAFI-AP, TAFI activation peptide, expressed as relative levels.

Included in the NINDS Stroke Genetic Network (SiGN) study.

Both participating cohorts were granted approval by the appropriate research ethics committees for the research (MDC: LU51/90, 166/2007 and 633/2009; and SAHLSIS: University of Gothenburg Ö-469--99, T-553--03, 873--11 and 823--13). All participants or their next of kin provided written informed consent.

TAFI Antigen and Activity Measurement
-------------------------------------

Venous blood samples were collected after an overnight fast in tubes containing 10% volume of 0.13 mol/L sodium citrate. For the MDC study, samples were drawn 2 to 4 months after enrolment. For SAHLSIS, blood sampling was performed once for controls and during the convalescent phase at 3-month follow-up for stroke patients. [@JR170249-28] Aliquots of plasma were stored at −80°C. Plasma levels of TAFI were measured by an ELISA which recognizes intact TAFI and equally recognizes the common TAFI isoforms and an ELISA specifically measuring the activation peptide (amino acids residues 1--92, TAFI-AP [@JR170249-26] ). All analyses were performed in the same laboratory. Values are expressed relative to pooled human plasma (%). Intra- and inter-assay coefficients of variation were 6.2 and 8.3%, respectively, for intact TAFI, and 3.1 and 7.3%, respectively, for TAFI-AP. Intact TAFI and TAFI-AP data were naturally log transformed for analysis.

Genotyping, Imputation and Quality Control
------------------------------------------

DNA was extracted from whole blood and genotyping was performed with either the HumanOmniExpress Exome BeadChip v1.0 at the Broad Institute (SAHLSIS: *n*  = 756; MDC: *n*  = 2,060) or the HumanOmni 5M Exome v1.0 as part of the Stroke Genetics Network (SiGN) study (SAHLSIS: *n*  = 444; Illumina, San Diego, California, United States) as described. [@JR170249-27] [@JR170249-30] These arrays have an overlap the Omni content for coverage of common genome-wide variation and both contain an overlapping exome content set of 240k probes (HumanExome BeadChip). Nonoverlapping sites were ignored. Genotypes for the GWAS were auto-called with the Illumina GenomeStudio v2011.1 software and the GenTrain2.0 clustering algorithm. Genotypes for the gene-based tests on rare variants were called using a combination of auto-call and Z-call. [@JR170249-31] The quality control criteria performed by each study for filtering of poorly genotyped individuals and low-quality SNPs included a call rate of \<0.95, gender mismatch, identity by descent sharing (\>0.375, second-degree relatives), population outliers, excess autosomal heterozygosity and deviation from Hardy-Weinberg equilibrium ( *P*  \< 10 ^−3^ ). After separate quality check, the overlapping 731k variants from each dataset were merged and rechecked for quality using the aforementioned criteria. Imputation was performed on autosomal chromosomes, after excluding monomorphic and tri-allelic SNPs, in the merged dataset using the UK10K + 1,000 Genomes Phase 3 reference panel at the Sanger Imputation Service. [@JR170249-32] Prior to imputation, each chromosome was phased against the hg19/GRCh37 reference panel using SHAPEIT2 (v2.r790 [@JR170249-33] ). Imputed variants with information score greater than 0.3 were included resulting in approximately 10 million autosomal variants with MAF greater than 1%. The total numbers of subjects included in the analysis were 3,116 for intact TAFI and 3,124 for TAFI-AP.

Genome-wide Association Analyses
--------------------------------

Genotype--phenotype association analyses were performed according to a prespecified analysis plan on autosomal variants with a minor allele frequency (MAF) \>1%. The association of SNP with natural logarithm-transformed intact TAFI or TAFI-AP values was assessed by a linear model, assuming an additive effect of each risk allele, using PLINK version 1.9. All analyses were adjusted for age, sex, and case--control status. The β value represents the per-allele effect on the natural log-transformed intact TAFI or TAFI-AP concentration. The prespecified threshold of genome-wide significance was set at the conventional level of *P*  = 5 × 10 ^−8^ . Suggestive associations were defined as *P*  \< 10 ^−6^ . Based on our sample size and assuming an additive model, the minimal effect size (β-coefficient, β, expressed as standard deviation increase in log-transformed plasma concentration) per allele that is detectable with 80% power at *P*  = 5 × 10 ^−8^ is 0.175 for MAF 30%, 0.26 for MAF 10%, 0.37 for MAF 5% and 0.79 for MAF 1%.

We performed conditional analyses to control for the effects of the lead SNP at the *CPB2* locus for intact TAFI as well as for TAFI-AP. The allele dosage (0--2 copies based on imputed genotypes) of the lead variant was used as a covariate in these analyses. For intact TAFI, a significant signal remained; therefore, an additional model was also computed that corrected for the lead SNP from the initial analysis as well as the lead SNP from the conditional analysis (i.e. corrected for two independent SNPs).

Gene-Based Analyses
-------------------

Gene-based tests are designed to gain power, especially for analyses of variants with low MAF, by aggregating the association signals from variants within the same gene. Thus, we used gene-based tests to investigate the role of rare (MAF \< 0.5%) and low-frequency (MAF 0.5% to 5%) variants on intact TAFI and TAFI-AP concentrations. All directly genotyped functional variants (missense, nonsense and splice variants) that overlapped between the datasets with MAF \<5% and which passed quality check were included in the gene-based tests (48,898 variants in total). All genes were required to contain at least two variants to be included in the analysis and to have a cumulative minor allele count of ≥ 4 (resulting in 9,325 genes in total). Gene-based tests for association with natural log-transformed intact TAFI and TAFI-AP concentrations were performed using the optimal combination of the sequence kernel association test and the burden test (SKAT-O [@JR170249-34] ), in R package 'SKAT' version 1.0.7 ( <https://cran.r-project.org/web/packages/SKAT> ), using the internal settings kernel = linear, weighted and method = optimal adj, adjusting for age, sex and case--control status. A Bonferroni-corrected, gene-based *P* -value threshold of 5.36 × 10 ^−6^ was used for gene-based tests (0.05/9,325 genes). Suggestive associations for the gene-based analyses were defined as *P*  \< 10 ^−4^ . For significant findings, genotype intensity cluster plots were visually inspected and rare variants were annotated with the most current MAF data from the Exome Aggregation Consortium (ExAc).

Annotation and Functional Prediction of Variants
------------------------------------------------

As gene enhancer elements play a central role in regulating transcription, we speculated that many of the variants remaining in the conditional analysis of intact TAFI may be in high linkage disequilibrium (LD) with or located within putative enhancer elements. The GeneHancer database, embedded in GeneCards ( [www.genecards.org](www.genecards.org) ), was used to identify 14 putative enhancer elements (see [Supplementary Table S2](#SM170249-3){ref-type="supplementary-material"} for regions). We then used SNAP (SNP Annotation and Proxy Search; Broad Institute), to find proxy SNPs for the 69 variants with MAF greater than 1% located within these regions, based on LD information from the 1000 Genomes Project CEU population and an *R* ^2^ threshold of \>0.8. The [Supplementary Tables](#SM170249-2){ref-type="supplementary-material"} are annotated with this information.

Furthermore, we used publicly available expression quantitative trait locus (eQTL) browsers to see whether any of the identified variants were eQTLs for genes of interest. For each lead variant within a significant or suggestive locus (listed in [Table 2](#TB170249-2){ref-type="table"} ), we investigated associations between genotype and expression levels of all genes located within ± 200 kb of the variant, in all available tissues. The browsers and available tissue types used were as follows: the eQTL browser of the Genotype-Tissue Expression (GTEx, accessed December 2016) project includes more than 70 tissue types including liver and whole blood, [@JR170249-35] and the eQTL resources from the Gilad/ Pritchard group includes liver tissue as well as several other tissue types [@JR170249-36] and the blood eQTL browser based on peripheral blood. [@JR170249-37]

###### Genome-wide and suggestive loci ( *P*  \< 10 ^−^ ^6^ ) for intact TAFI and the TAFI activation peptide (TAFI-AP, a marker of the extent of TAFI activation)

  Region        Most significant   Effect allele   Alternate allele   MAF     *P* -Value   Beta    SE      Closest genes
  ------------- ------------------ --------------- ------------------ ------- ------------ ------- ------- ---------------------------------
  Intact TAFI                                                                                              
   13q14.13     rs56734909         A               C                  0.343   5.3E-30      0.09    0.008   *CPB2*
   5q22.1       rs11743286         T               A                  0.022   3.0E-07      −0.15   0.030   *TMEM232/SLC25A46*
   12q24.21     rs78402106         C               T                  0.017   4.9E-07      −0.15   0.030   *TBX5/RBM19*
   2p25.3       rs570398477        C               T                  0.011   5.1E-07      −0.18   0.037   *SNTG2/TPO*
   12q24.31     rs117742602        G               A                  0.011   7.0E-07      −0.19   0.038   *DENR/HCAR1/HCAR3*
   5p15.31      rs189859825        C               T                  0.033   9.8E-07      0.11    0.022   *SEMA5A/MIR4636*
  TAFI-AP                                                                                                  
   13q14.13     rs940              G               C                  0.235   1.0E-27      0.16    0.014   *CPB2*
   3p14.1       rs140102162        G               A                  0.011   1.3E-08      −0.39   0.069   *MIR4272/KBTBD8/SUCLG2*
   11p11.2      rs745770348        A               ACC                0.016   2.8E-07      −0.27   0.053   *CD82/TSPAN18/ALX4*
   16q12.2      rs117122953        T               C                  0.012   3.8E-07      −0.33   0.064   *IRX5/CRNDE/IRX6*
   9q33.3       rs79740971         A               G                  0.017   4.0E-07      −0.28   0.055   *DENND1A/LHX2*
   3p26.1       rs80062757         T               G                  0.013   4.4E-07      −0.31   0.062   *BHLHE40/ITPR1/EGOT*
   16p12.2      rs78970023         A               T                  0.015   4.7E-07      −0.27   0.053   *OTOA/METTL9/IGSF6*
   15q25.3      rs111511310        T               C                  0.025   5.5E-07      −0.22   0.045   *LOC101929701/AGBL1/KLHL25*
   2q36.2       rs4674940          G               A                  0.032   6.0E-07      −0.17   0.035   *DOCK10/MIR4439/CUL3*
   3p22.3       rs150338049        A               AGCAAG             0.092   8.8E-07      0.11    0.023   *ARPP21/MIR128--2/LOC101928135*
   11p14.2      rs113021326        T               C                  0.016   9.0E-07      −0.27   0.054   *FIBIN/SLC5A12/ANO3*

Abbreviations: TAFI-AP, thrombin-activatable fibrinolysis inhibitor activation peptide.

Note: Intact TAFI, expressed as relative levels; TAFI-AP, expressed as relative levels.

Statistical Analysis
--------------------

We used a linear regression model to determine the variance in intact TAFI and TAFI-AP in healthy controls, explained by cardiovascular risk factors (smoking, hypertension, hyperlipidaemia and diabetes mellitus), anthropometric measures (body mass index and waist hip ratio) and high sensitivity C-reactive protein (hsCRP). Likewise, to determine the variance in intact TAFI and TAFI-AP explained by the three covariates included in the GWAS model (age, sex and case--control status), we used linear regression. We then performed a model conditioned on these covariates to determine the remaining variance explained by a particular variant or variant combination.

Results
=======

We conducted a GWAS and additionally evaluated rare and low-frequency functional variants using gene-based tests in 3,260 individuals of European ancestry to identify genetic loci influencing concentrations of circulating intact TAFI and TAFI-AP (a measure of the extent of TAFI activation). Characteristics of participants, genotyping arrays used, and median and interquartile range for each TAFI measure per cohort are summarized in [Table 1](#TB170249-1){ref-type="table"} . In our study population, cardiovascular risk factors and anthropometric measures explained very little of the variance in intact TAFI or TAFI-AP concentrations, in line with previous reports (1.7 and 3.6% in controls, respectively). The two TAFI traits were moderately correlated (Spearman\'s Rho = 0.33, *P*  \< 0.001) in our study population, also in line with previous studies. [@JR170249-26]

Genome-wide Association Study
=============================

Intact Thrombin-Activatable Fibrinolysis Inhibitor
--------------------------------------------------

In total, 10M imputed autosomal variants with MAF greater than 1% were included in the GWAS. The genomic control coefficient was close to 1 (λ = 1.02), which suggests negligible test-statistic inflation. For intact TAFI, 325 SNPs in a region of chromosome 13 passed the genome-wide significance threshold ( [Fig. 1](#FI170249-1){ref-type="fig"} and [Supplementary Table S3](#SM170249-4){ref-type="supplementary-material"} ). All SNPs were within or close to the *CPB2* gene, which encodes TAFI ( [Fig. 1C](#FI170249-1){ref-type="fig"} ) and the overlapping antisense long noncoding RNA (lncRNA) *CPB2-AS1* . As gene enhancer elements play a central role in regulating transcription, we annotated variants listed in [Supplementary Table S3](#SM170249-4){ref-type="supplementary-material"} to indicate SNPs located within the 14 putative enhancer elements of the *CPB2* gene and SNPs in high LD with SNPs in putative enhancers. Rs56734909 had the smallest *P* -value (5.3 × 10 ^−30^ ) and is located within a predicted *CPB2* enhancer (GeneHancer ID GH130046105). It is also in high LD ( *R* ^2^  = 0.96; D′ = 1) with a *CPB2* promoter SNP, previously shown to associate with TAFI-Ag concentrations (-2599C \> G, rs34813434). [@JR170249-22] [@JR170249-38] [@JR170249-39] The A allele (frequency, 66%) of rs56734909 was associated with higher intact TAFI levels. Over a third of the remaining SNPs were within ( *n*  = 33) or in high LD ( *n*  = 87) with putative *CPB2* enhancers ( [Supplementary Table S3](#SM170249-4){ref-type="supplementary-material"} ).

![Genome-wide association analyses of intact TAFI. ( **A** ) Manhattan plot of associations. Dotted line shows genome-wide significance (5 × 10 ^−8^ ). ( **B** ) QQ-Plot. ( **C** ) Regional association plot of chromosome 13, *CPB2* locus. ( **D** ) Regional association plot of *CPB2* locus in a conditional analysis adjusted for the lead SNP, rs56734909. ( **E** ) Regional association plot in a further conditional analysis adjusted for rs56734909 and rs1087.](10-1160-th17-04-0249-i170249-1){#FI170249-1}

An additional six SNPs outside of the *CPB2* locus were suggestively associated ( *P*  \< 10 ^−6^ ) with intact TAFI concentrations, and marked five regions on three chromosomes: 5q22.1, 12q24.21, 2p25.3, 12q24.31 and 5p15.31. Each of these regions had solitary suggestive SNP associations, with the exception of 2p25.3 which had two suggestive SNP associations. It is of note that chromosome region 5p15 was previously identified as a suggestive locus in a linkage analysis of TAFI-Ag; however, no obvious candidate genes are present at that locus. [@JR170249-18] [Table 2](#TB170249-2){ref-type="table"} lists the results for the lead SNP at these loci and regional plots can be found in [Supplementary Fig. S1](#SM170249-1){ref-type="supplementary-material"} .

To determine whether multiple independent signals were present in the *CPB2* locus (chr13: pos 46.5--46.7Mb), a secondary analysis was conducted conditioned on the lead SNP. After adjustment for rs56734909, 93 variants in the 13q14.11 region retained genome-wide significance ( [Fig. 1D](#FI170249-1){ref-type="fig"} ; [Supplementary Table S4](#SM170249-5){ref-type="supplementary-material"} ). This suggests there are at least two independent SNPs in the *CPB2* locus that regulate intact TAFI concentrations. We hypothesized that the remaining signal may be due to SNPs in high LD with or located within the 14 putative enhancer elements of the *CPB2* gene and annotated in [Supplementary Table S4](#SM170249-5){ref-type="supplementary-material"} with this information. Of the 93 associated SNPs, the majority were indeed either in predicted *CPB2* enhancers ( *n*  = 13) or in high LD ( *R* ^2^  \< 0.8; *n*  = 44) with predicted *CPB2* enhancer variants ( [Supplementary Table S4](#SM170249-5){ref-type="supplementary-material"} ). Rs1087 had the smallest *P* ~conditional~ value (2.63 × 10 ^−11^ ), but this variant is not located in any putative enhancers nor is it in LD with any SNPs located within enhancers. Rather, rs1087 is located in the *CPB2* 3′ UTR and has previously been shown to associate with TAFI-Ag levels (+1583T \> A), [@JR170249-22] [@JR170249-38] [@JR170249-39] [@JR170249-40] through affecting mRNA stability. [@JR170249-41] [@JR170249-42] The A allele (frequency, 35%) of rs1087 was associated with higher intact TAFI levels. The variance in intact TAFI explained by age, sex and case--control status is 8.7%. The lead SNP (rs56734909) on its own explained 4% of the remaining variance and together with rs1087, 5.4% of the remaining variance was explained.

When conditioning the remaining SNPs in the *CPB2* locus on both rs56734909 and rs1087, we found an independent SNP that did not reach genome-wide significance but suggests complex genomic structure at this locus (rs17844119, *P* ~conditional~ value = 0.0001, [Fig. 1E](#FI170249-1){ref-type="fig"} ).

In an effort to identify putative candidate genes from the genome-wide significant and suggestive lead variants, we interrogated public regulatory annotation datasets using the lead SNP from each locus. None of our lead variants were eQTLs for any gene in any of the available tissues (data not shown), with the exception of rs1087 in the conditioned analysis which was an eQTL for the lncRNA *CPB2-AS1* in four tissues (cerebellum, *P* ~GTEX~  = 1.6 × 10 ^−6^ , β ~GTEX~  = − 0.59; basal ganglia, *P* ~GTEX~  = 2.0 × 10 ^−7^ , β ~*GTEX*~  = −0.63; pituitary, *P* ~GTEX~  = 9.1 × 10 ^−6^ , β ~GTEX~  = − 0.68; and thyroid, *P* ~GTEX~  = 1.8 × 10 ^−5^ , β ~*GTEX*~  = −0.33).

Thrombin Activatable Fibrinolysis Inhibitor Activation Peptide
--------------------------------------------------------------

The genomic control coefficient for the TAFI-AP GWAS was close to 1 (λ = 0.996). For TAFI-AP, two loci reached the genome-wide significance threshold of 5 × 10 ^−8^ ( [Fig. 2](#FI170249-2){ref-type="fig"} ). [Table 2](#TB170249-2){ref-type="table"} lists the top variants for each chromosomal region. For the first locus, we identified numerous SNPs ( *n*  = 316) of genome-wide significance in the13q14.11 region that harbours the *CPB2* gene and antisense transcript *CPB2-AS1* . The lead SNP (rs940, *P*  = 1 × 10 ^−27^ ) resides within the *CPB2* 3′ UTR. This SNP has previously been shown to associate with TAFI-Ag levels (+1542C \> G) [@JR170249-22] and was significantly associated with intact TAFI levels in our dataset as well ( *P*  = 6.62 × 10 ^−16^ ). A regional plot for rs940 can be found in [Fig. 2C](#FI170249-2){ref-type="fig"} . This SNP is in perfect LD with several SNPs predicted to be located within two *CPB2* enhancer elements (rs2897027, GH130046061; rs2296641, rs3783202 and rs1409435, all in GH130046056), but is not itself located in an enhancer. It is also in high LD with the 3′ UTR SNP identified in the conditional analysis of intact TAFI (rs1087; D′ = 1.0, *R* ^2^  = 0.13, based on the 1000 Genomes Project CEU population). The G allele (frequency, 76.5%) of rs940 was associated with higher TAFI-AP levels. When the data were reanalysed conditioning on rs940, we found an independent SNP that did not reach genome-wide significance ( [Fig. 2D](#FI170249-2){ref-type="fig"} ; smallest *P* ~conditional~ value = 1.7 × 10 ^−5^ , rs7491577). The variance in TAFI-AP explained by age, sex and case--control status is 4.2%. The proportion of variance in natural log-transformed TAFI-AP (above age, sex and case--control status) explained by rs940 is 3.8%.

![Genome-wide association analyses of TAFI activation peptide. ( **A** ) Manhattan plot of associations. Dotted line shows genome-wide significance (5 × 10 ^−8^ ). ( **B** ) QQ-Plot. ( **C** ) Regional association plot of chromosome 13, *CPB2* locus. ( **D** ) Regional association plot of *CPB2* locus in a conditional analysis adjusted for the lead SNP, rs940. ( **E** ) Regional association plot of rs140102162 on chromosome 3.](10-1160-th17-04-0249-i170249-2){#FI170249-2}

The second genome-wide significant locus for TAFI-AP was at chromosomal position 3p14.1 (rs140102162, *P* -value 1.310 ^−8^ , [Table 2](#TB170249-2){ref-type="table"} ). This was a solitaire SNP association in an intergenic region between the *KBTBD8* (kelch repeat and BTB domain containing 8) and the *SUCLG2* (Succinate-CoA Ligase GDP-Forming Beta Subunit) genes ( [Fig. 2E](#FI170249-2){ref-type="fig"} ).

An additional 9 loci, composed of 14 SNPs, were suggestively associated ( *P*  \< 10 ^−6^ ) with TAFI-AP ( [Table 2](#TB170249-2){ref-type="table"} , [Supplementary Table S5](#SM170249-6){ref-type="supplementary-material"} , [Supplementary Fig. S2](#SM170249-1){ref-type="supplementary-material"} ). Chromosomal position 16p12.2 contained three suggestive SNPs in the *OTOA* gene, which encodes the otoancorin protein and is expressed in the inner ear and in T-lymphocytes. Rs78970023, the lead SNP ( *P*  = 4.7 × 10 ^−7^ ), is a missense SNP that leads to a phenylalanine-tyrosine (F15Y) substitution. Chromosomal position 2q36.2 contained four SNPs within the *DOCK10* (dedicator of cytokinesis 10) gene. Rs4674940, the lead SNP with ( *P* -value 6.0 × 10 ^−7^ ), is located within an exon and leads to a synonymous substitution. The other loci contained only one suggestive SNP each.

When we interrogated public regulatory annotation datasets using the lead SNP from each genome-wide significant and suggestive locus for TAFI-AP to identify putative candidate genes, none of our lead variants were found to be eQTLs for any gene in any of the available tissues (data not shown), with the exception of rs940 which was an eQTL for *CPB2-AS1* in EBV-transformed lymphocytes ( *P* ~GTEX~  = 1.4 × 10 ^−5^ , β ~GTEX~  = 0.44).

Gene-Based Analysis
-------------------

Gene-based tests were used to test for aggregation of low-frequency and rare variants in genes that may have importance for intact TAFI or TAFI-AP. The only significant association that contributed to plasma-level variation in intact TAFI was the *CPB2* gene itself ( *P* ~SKAT-O~ =2.75 × 10 ^−8^ , [Table 3](#TB170249-3){ref-type="table"} ). *CPB2* remained associated with intact TAFI after conditioning on the lead SNP from GWAS (rs56734909; *P* ~conditional~  = 1.86 × 10 ^−6^ ). Two markers comprised the signal: rs145067962 (Ile420Asn; MAF, 0.15%; MAF ~ExAC~ 0.14%) and rs140446990 (Asp177Gly; MAF, 0.20%; MAF ~ExAC~ 0.13%). Carriers of the rs140446990 mutation had significantly lower intact TAFI levels than noncarriers ( *n*  = 14 carriers vs. *n*  = 3,190 noncarriers; geometric mean 52.7 vs. 78.5%; *P* ~T-test~ 5.08 × 10 ^−7^ ). This was true for both ischaemic stroke cases ( *n*  = 4 carriers vs. *n*  = 550 noncarriers; geometric mean 68.4 vs. 94.8%; *P* ~T-test~ 0.008) and controls ( *n*  = 10 carriers vs. *n*  = 2,640 noncarriers; geometric mean 47.4 vs. 75.4%; *P* ~T-test~ 4.78 × 10 ^−7^ ). No difference in intact TAFI values was observed for rs145067962 carriers and noncarriers (data not shown). To determine whether this variant in *CPB2* was independent of the two more common amino acid substitutions, we instead conditioned on Thr147Ala (rs3742264) and Thr325Ile (rs1926447) and found that the variant remained significant ( *P* ~conditional~  = 1.66 × 10 ^−6^ ), suggesting that the observed rare variant associations are distinct from known SNPs.

In contrast to intact TAFI, for TAFI-AP SKAT-O yielded significant gene-level associations with five genes ( [Table 3](#TB170249-3){ref-type="table"} ) and only near significance with *CPB2* ( *P* ~SKAT-O~ =7.18 × 10 ^−6^ ). The strongest associated gene was *SGPL1* (sphingosine-1-phosphate lyase 1), followed by *OTOA* (described earlier), *ADAL* (adenosine deaminase-like), *GAST* (gastrin) and *TOR1B* (torsin family 1 member B). Of note, the variant driving the association at *OTOA* in SKAT-O is the same as the lead GWAS SNP at this locus. *SGPL1* ( *P* ~SKAT-O~  = 8.33 × 10 ^−7^ ) encodes the enzyme sphingosine phosphate lyase (SPL) which plays a critical role in the regulation of sphingosine-1-phosphate (S1P), a versatile lipid-signaling molecule. Three variants within *SGPL1* comprised the signal: K228N, rs191033522, MAF 0.02%, MAF ~ExAC~ 0.03%; Y356C, rs147860288, MAF 0.03%, MAF ~ExAC~ 0.03%; and Y374C, rs139751906, MAF 0.03%, MAF ~ExAC~ 0.02%. Only five individuals were carriers of any of these variants; carriers of the minor allele of rs191033522 and rs139751906 had lower TAFI-AP concentrations compared with noncarriers, while carriers of rs147860288 had elevated TAFI-AP concentrations. With regard to *CPB2* , similar to intact TAFI, carriers of the rs140446990 (Asp177Gly) mutation had significantly lower TAFI-AP levels than noncarriers ( *n*  = 14 vs. *n*  = 3,198 noncarriers: geometric mean 63 vs. 99%, *P* ~T-test~ 7.2 × 10 ^−4^ ).

###### Intact TAFI and TAFI activation peptide (TAFI-AP): significant and suggestive loci from gene-based tests (SKAT-O)

  Gene          *P* -Value   Nr SNPs   Region
  ------------- ------------ --------- ----------
  Intact TAFI                          
    *CPB2*      2.8E-08      2         13q14.13
    *PHLDB2*    1.1E-05      5         3q13.2
    *SEC14L4*   2.9E-05      2         22q12.2
    *GDPGP1*    6.2E-05      2         15q26.1
  TAFI-AP                              
    *SGPL1*     8.3E-07      3         10q22.1
    *OTOA*      2.5E-06      2         16p12.2
    *ADAL*      3.3E-06      2         15q15.3
    *GAST*      3.5E-06      2         17q21.2
    *TOR1B*     4.1E-06      3         9q34.11
    *CPB2*      7.2E-06      2         13q14.13
    *MLN*       6.6E-05      2         6p21.31

Abbreviations: TAFI-AP, thrombin-activatable fibrinolysis inhibitor activation peptide.

Note: Intact TAFI, expressed as relative levels; TAFI-AP, TAFI activation peptide expressed as relative levels.

Discussion
==========

This is the first GWAS to examine genetic determinants of intact TAFI and the extent of TAFI activation (measured by TAFI-AP) in plasma. Using a TAFI assay that reacts exclusively to the nonactivated intact TAFI and equally recognizes the common TAFI isoforms, we verified *CPB2* at the 13q14.11 locus to be the strongest determinant of intact TAFI concentrations. However, less of the variation was explained for both intact TAFI and TAFI-AP than previously reported for 'total' TAFI, denoted TAFI-Ag. Furthermore, we identified an additional genome-wide significant locus for TAFI-AP. We then performed gene-based tests to investigate the role of rare and low-frequency variants and identified novel low frequency coding variants within *CPB2* associated with intact TAFI concentrations as well as completely novel associations for TAFI-AP to five genes. As these results are explorative in nature, the novel associations outside the 13q14.11 locus require independent validation.

With regards to the GWAS, the strongest associations for intact TAFI and TAFI-AP concentrations were for variants located in the 13q14.11 locus and both analyses indicate a complex genomic architecture at this locus. Common *CPB2* SNPs have been known to influence TAFI levels for some time and early linkage studies also implicated this region. [@JR170249-18] [@JR170249-20] Thus, in spite of using a larger sample size and modern techniques including dense imputation, we still find this to be the primary locus, and somewhat unexpectedly we did not identify common variants at any other autosomal region with similar estimated effect sizes. For intact TAFI, two independent genome-wide variants in the *CPB2* locus were identified: one in the 5′ UTR of the gene (rs56734909) located in a putative enhancer element and one in the 3′ UTR (rs1087). This is consistent with previous studies that suggested that two polymorphisms in *CPB2* , one in the promoter region and the other in the coding or 3′ region, likely underlie the variation in TAFI-Ag. [@JR170249-38] [@JR170249-43] A *trans* -ethnic haplotype study revealed rs1087 to be the most likely eQTL in the 3′ region for TAFI-Ag, [@JR170249-39] supported also by mRNA stability experiments. [@JR170249-41] [@JR170249-42] The identification of the putative eQTL in the 5′ region of *CPB2* has proven more challenging as a consequence of strong LD between promoter polymorphisms. One SNP in the 5′ region (-2599C \> G, rs34813434) that was suggested to contribute to the regulation of TAFI-Ag in the *trans* -ethnic analysis [@JR170249-39] is in high LD with our lead SNP ( *R* ^2^  = 0.96, D\' = 1; based on the 1000 Genomes Project CEU population). However, promoter deletion experiments in HepG2-transfected cells do not support a functional role for this SNP. [@JR170249-44] Given that our lead SNP rs56734909 is located 490 bp upstream of rs34813434, it was not analysed in the promoter deletion experiments, and as it is within a predicted enhancer element we evaluated its putative effect on regulatory motifs. According to HaploReg, enhancer histone marks were identified in liver tissue where *CPB2* is expressed, and eight regulatory motifs are altered by this SNP. Although speculative, these data suggest that rs56734909 may be the functional 5′ SNP affecting levels, a hypothesis that requires validation through functional experiments.

For the GWAS of TAFI-AP, the lead SNP in the *CPB2* locus, rs940, is located within the 3′ UTR and has previously been shown to associate with TAFI-Ag levels (+1542C \> G). [@JR170249-19] [@JR170249-22] This SNP is in perfect LD with four SNPs predicted to be located within two putative enhancers (rs2296641, rs3783202 and rs1409435 in enhancer GH130046056; and rs2897027 in enhancer GH130046061) and high LD with three additional putative enhancer SNPs (rs4942470 in GH130046061; rs7139571 in GH130046087; and rs7989892 in GH130046056). Two known common SNPs in *CPB2* lead to amino acid substitutions in TAFI, Thr147Ala (rs3742264) and Thr325Ile (rs1926447). Individuals with Ile-325 variants have a more stable TAFIa enzyme with an extended half-life, [@JR170249-45] whereas the Ala-147 variant does not affect the stability. Both were significantly associated with TAFI-AP in the unconditioned analysis (rs3742264, *P*  = 1.010 ^−13^ and rs1926447, *P*  = 7.98 × 10 ^−26^ ) but not in the analysis conditioned on rs940 (rs3742264, *P*  = 3.19 × 10 ^−4^ and rs1926447, *P*  = 0.302). Because SNP rs940 is tightly linked with rs1926447 ( *R* ^2^  = 0.83, D\' = 1; based on the 1000 Genomes Project CEU population) and multiple SNPs in putative enhancers, the question remains open as to which one is functional.

It is of note that the antisense lncRNA *CPB2-AS1* is located on the opposite DNA strand and fully overlapping with the *CPB2* gene. Antisense lncRNAs can modulate expression of their sense transcripts through various mechanisms (reviewed in the study of Villegas and Zaphiropoulos [@JR170249-46] ). For example, sense RNA and antisense lncRNA transcripts can hybridize and form RNA duplexes which can interfere with splicing, RNA editing and alter mRNA stability. Therefore, it is plausible that some SNPs associated with intact TAFI and/or TAFI-AP levels may exert their affects via the *CPB2-AS1* transcript rather than *CPB2* gene. In line with this, rs1087 and rs940 associated with intact TAFI and TAFI-AP, respectively, were found to be eQTLs for *CPB2-AS1* in the GTEX database. However, to our knowledge, the putative functional effect from *CPB2-AS1* on *CPB2* transcript level has not been reported upon in the literature and is unknown.

Taken together, polymorphisms within *CPB2* were found to explain only a modest amount of the variation in intact TAFI (5.4%) and TAFI-AP (3.8%) levels, (above age, sex and case--control status). This is much lower than observed in older works that used immunological assays that measured 'total' TAFI (TAFI-Ag, i.e. intact TAFI as well as the various cleavage products). Many of these assays were later demonstrated to have decreased reactivity toward the TAFI Ile325 isoform, and as a result overestimated the TAFI heritability and effects associated with *CPB2* polymorphisms. [@JR170249-16] [@JR170249-17] [@JR170249-19] Two small studies ( *n*  \< 300) that used isoform-independent TAFI assays reported a combined variance estimate for *CPB2* SNPs of 15 to 25% in univariate haplotype analyses. [@JR170249-38] [@JR170249-39] While higher than our findings, the difference in variance estimates could be due in part to the different methodologies used in the measurement of TAFI, the different populations studied and the fact that different covariates were used in the calculation/models.

Using GWAS, we also identified one novel variant associated with TAFI-AP concentrations on chromosome 3 (rs140102162) and several suggestive loci. However, despite the fact that rs140102162 was genome-wide significant ( *P*  = 1.3 × 10 ^−8^ ), it was a solitary SNP within an intergenic region. Similarly, most suggestive findings were also due to solitary SNPs. We were unable to identify any eQTLs for these variants in any tissue in publically available resources. Thus, apart from *CPB2* , we did not identify any strong evidence for additional candidate loci for determining plasma TAFI concentrations. Combined with the fact that rs140102162 and the majority of suggestive variants were low frequency, we did not proceed into replication as this would require very large sample sizes.

*CPB2* was also significantly associated with intact TAFI and suggestively associated with TAFI-AP in the gene-based analysis ( *P*  = 2.8 × 10 ^−8^ and 7.2 × 10 ^−6^ , respectively), and this was due to a rare coding variant. This association was independent of the more common variants at this locus. Carriers of the rs140446990 (Asp177Gly) mutation had significantly lower intact TAFI and TAFI-AP levels than noncarriers. Since intact TAFI and TAFI-AP are moderately correlated (Spearman\'s Rho = 0.33), this indirectly suggests that the SNP has no direct bearing on the extent of activation (i.e.: TAFI-AP, amino acids residues 1--92), and simply reflects this interrelationship.

The gene-based analyses also showed completely novel associations for TAFI-AP with five genes. The strongest signal was for *SGPL1* , which encodes the enzyme SPL. SPL has been directly implicated in various physiological and pathological processes, including cell stress responses, cancer, immunity, hematopoietic function, muscle homeostasis, inflammation and development. Furthermore, SPL irreversibly degrades the lipid signaling molecule S1P, which has recently emerged as a critical mediator linking the coagulation factor system to vascular inflammation [@JR170249-47] and has been implicated in various cardiovascular events such as myocardial infarction and stroke. [@JR170249-48] [@JR170249-49] [@JR170249-50] Thus, it would be of interest to seek replication and also to investigate associations between rare variants in *SGPL1* and cardiovascular diseases. However, as the MAF is as low as 0.02 to 0.03%, this will require very large datasets genotyped with rare variant information (e.g. exome chips or exome sequencing) and as far as we are aware it is not feasible at this time.

The strengths of this study include that approximately 10 million markers spread throughout the genome, covering the full allelic spectrum of common variants (assessed via GWAS) and rare variants (assessed via gene-based testing) were genotyped in 3,260 individuals with standardized and well-characterized TAFI assays. Despite these strengths, there are some limitations which deserve mention. Although this is the largest study on the genetic regulation of intact TAFI and TAFI-AP published to date, it is still small for GWAS standards, and in the future an expansion of the number of study subjects is needed to improve the power of detecting genetic variants related to TAFI. Specifically, this study is still underpowered to detect variants with low MAF in single variant analyses. Although we used gene-based tests to increase power for low-frequency and rare variants, one limitation is that the exome array does not provide complete coverage of all functional variants at each locus. Exome or whole-genome sequencing would be required to completely assess variants associated with TAFI levels. As such, it remains possible that a burden of rare mutations could contribute to plasma TAFI levels. Additionally, it should also be emphasized that the results were generated in European ancestry populations, and our findings many not be generalizable to populations of different ethnicity. Finally, the results are explorative in nature and clearly require future replication in an independent cohort.

In conclusion, using genome-wide genotype data from a total of 3,260 subjects, we confirmed the *CPB2* locus to be the strongest determinant of plasma TAFI, but showed that the effect was more modest than previously reported. Through gene-based testing, we identified novel putative functional variants within the *CPB2* locus and in five other genes that require future independent replication.

###### What is known about this topic?

-   Elevated circulating TAFI concentrations have been reported in patients with cardiovascular disease and family studies have demonstrated that plasma TAFI concentrations are heritable.

-   Several common single nucleotide polymorphisms (SNPs) located within the gene encoding TAFI ( *CPB2* ) have been described and some are reported to be associated with plasma TAFI concentrations and risk of arterial and venous thrombotic disease.

**What does this paper add?**

-   This is the first genome-wide association study and the first study that used gene-based tests of low-frequency and rare variants to identify the genetic basis for the heritability of circulating TAFI concentrations.

-   We verified *CPB2* to be the primary determinant of TAFI concentrations and identified putative secondary loci (candidate variants and genes) that require independent validation.
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